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Nuclear pore proteins regulate nuclear
transport but have also been implicated
in the regulation of transcription and
chromatin. Pascual-Garcia et al. now
report a physical and functional interac-
tion between Nup98 and histone-modi-
fying complexes NSL and Trx. The au-
thors identify a component of the NSL
complex, MBD-R2, as targeting Nup98
to active gene promoters, providing
mechanistic insight into the connection
between nuclear pores and chromatin
state.
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The nuclear pore complex is a transport channel
embedded in the nuclear envelope and made up of
30 different components termed nucleoporins
(Nups). In addition to their classical role in transport,
a subset of Nups has a conserved role in the regula-
tion of transcription via direct binding to chromatin.
Themolecular details of this function remain obscure,
and it is unknown how metazoan Nups are recruited
to their chromatin locations or what transcription
steps they regulate. Here, we demonstrate genome-
wide and physical association between Nup98 and
histone-modifying complexes MBR-R2/NSL and
Trx/MLL. Importantly, we identify a requirement for
MBD-R2 in recruitment of Nup98 to many of its
genomic target sites. Consistent with its interaction
with the Trx/MLL complex, Nup98 is shown to be
necessary for Hox gene expression in developing fly
tissues. These findings introduce roles of Nup98 in
epigenetic regulation that may underlie the basis of
oncogenicity of Nup98 fusions in leukemia.INTRODUCTION
The nuclear pore complex (NPC) is a massive macromolecular
protein complex embedded in the nuclear envelope (NE). Its clas-
sically characterized function is to mediate the selective transport
between the nucleus and the cytoplasm. The NPC consists of
multiple copies of 30 different proteins termed nucleoporins
(Nups), which include the scaffold Nups that form the core ring-
like structure of the NPC and the peripheral Nups that regulate
its selectivity barrier (D’Angelo and Hetzer, 2008) and can move
dynamically on and off the pore (Rabut et al., 2004). Mutations
inNups are responsible for several humandisorders,most notably
cases of acute myelogenous leukemia (AML), caused by onco-
genic fusions of Nup98 to a number of different partners (Gough
et al., 2011; Xu and Powers, 2009). Metazoan Nups have been
shown to affect tissue-specific development such as neural
and muscle differentiation (D’Angelo et al., 2012; Lupu et al.,
2008), yet the mechanisms by which NPC components can lead
to tissue-specific pathologies and phenotypes remain unknown.CIn addition to their classical role as transport channels, NPCs
have been demonstrated to regulate transcriptional programs
via physical binding to specific genes. In yeast, peripheral Nups
has been shown to bind and promote expression of the nutrition-
ally inducible genes INO1 and GAL1 (Cabal et al., 2006; Light
et al., 2010; Schmid et al., 2006; Taddei et al., 2006). Remarkably,
this Nup-gene interaction was also required for transcriptional
memory of the gene’s active state, assisting its subsequent reac-
tivation after several cell divisions (Brickner, 2009; Tan-Wong
et al., 2009). A similar role for Nups in epigenetic transcriptional
memory has been recently described in human cells, where inter-
feron g (IFN-g)-inducible genes are activated more robustly with
repeated exposure to IFN-g, but this remembered response is
lost upon depletion of Nup98 (Light et al., 2013).
InDrosophila, genome-widemethods of polytene chromosome
staining, chromatin immunoprecipitation (ChIP), and DamID
demonstrated that several of the peripheral Nups, including
Nup98, were recruited to genes undergoing developmentally
induced transcriptional activation (Capelson et al., 2010; Kalverda
et al., 2010; Vaquerizas et al., 2010). In line with the mobile
behavior of peripheral Nups, it was found that such Nup-gene
contacts commonly occur in the nucleoplasm, away from the
NE-embedded NPCs. Human Nup98 has been similarly detected
at genes undergoing robust activation during neural differentiation
of embryonic stem cells (Liang et al., 2013). Together, these find-
ings implicate Nups in direct regulation of developmental tran-
scription programs, yet the molecular mechanism by which
Nups affect transcription or its memory remains obscure.
To begin unraveling this mechanism, we identified interacting
partners of Drosophila Nup98, which include proteins implicated
in gene activation and epigenetic memory. Importantly, we
pinpoint the chromatin-binding complex that is able to recruit
Nup98 to active genes and uncover a role for Nup98 in maintain-
ing developmental expression of Hox genes. These findings
expose the link between NPC components and epigenetic regu-
lators of tissue-specific gene expression, which may also be
central to the oncogenic roles of Nups in leukemia.
RESULTS AND DISCUSSION
Identification of Chromatin-Associated Interacting
Partners of Nup98
To address the molecular mechanism of the role of Nups in tran-
scription and development, we aimed to identify proteins thatell Reports 9, 433–442, October 23, 2014 ª2014 The Authors 433
Figure 1. Nup98 Co-occupies Genomic Sites and Physically Associates with the MBD-R2/NSL and Trx Complexes
(A) Heatmap visualization of the enrichment matrix of ChIP-chip profiles of chromatin factors derived frommodENCODE database with the Nup98 ChIP-chip data
set (green arrow). Redder colors denote higher enrichment, and bluer colors denote low enrichment. Enrichment of sets of regions A andB that have N(A) and N(B)
bps, respectively, and C(A,B) bps in common, is E(A,B) = G3 C(A,B) / N(A)N(B), where G is the number of bps in the genome. The scale of colors is logarithmic.
(B) Heatmap of enrichment of the Nup98 ChIP-chip data set compared with tested data sets, ranked in the order of decreasing enrichment score.
(legend continued on next page)
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cooperate with Nup98 in gene regulation. To this end, we
compared the Nup98 ChIP-chip data set from embryonic S2
culture cells (Capelson et al., 2010) to the ChIP-chip profiles of
multiple factors from the same cell type, available through the
modENCODE project database. To uncover factors that corre-
late the most with genomic binding of Nup98, we carried out a
hierarchical clustering analysis on the selected data sets and
generated an enrichment matrix (Figure 1A). Interestingly,
Nup98 correlated the most with a group of chromatin regulatory
factors, including methyl binding domain-related 2 (MBD-R2),
components of the NURF chromatin remodeling complex
(NURF301 and ISWI), a well-knownmediator of epigenetic mem-
ory (Trithorax [Trx]), and WD40 domain protein Wds (Figures 1A
and S1A). This is consistent with the known roles of Nup98 in
transcriptional activation and transcriptional memory and sug-
gested that Nup98 coregulates the same gene targets as these
epigenetic complexes.
From our analysis, Nup98 shows the highest amount of over-
lap with MBD-R2 (Figure 1B). MBD-R2 is a component of the
males absent on the first (MOF)-containing nonspecific lethal
(NSL) complex, involved in genome-wide H4 K16 acetylation
and transcriptional activation (Prestel et al., 2010; Raja et al.,
2010). In mammals, the MOF complex has been reported to
cooperate with the mammalian equivalent of Trx, the histone
methyltransferase mixed lineage leukemia (MLL) complex (Wy-
socka et al., 2005; Zhao et al., 2013), with the homolog of
Wds, Wdr5, believed to be the main shared component. Like
the mammalian MOF and MLL, the fly NSL/MBD-R2 complex
has been reported to co-occupy its target promoters with Trx
(Feller et al., 2012). Overall, 77% of genomic binding sites of
Nup98 in S2 cells contain Trx and at least 44% of Nup98 sites
contain MBD-R2, while 43% of Nup98 sites are co-occupied
by both Trx and MBD-R2 (Figure S1B). Furthermore, three of
the four strongest conserved DNA binding motifs that we have
identified for Nup98 include DRE, E-box, and DMv2-like, which
are among the top consensus motifs previously identified for
the NSL complex in Drosophila (Figure S1E).
To test for physical association between Nup98 and its
genomic binding partners, we carried out a coimmunoprecipi-
tation (co-IP) analysis using S2 cells extract enriched for the
nuclear soluble fraction, andwewere able to confirm the interac-
tion of Nup98 with MBD-R2 as well as with additional putative
NSL complex components, Z4 and Chromator (Chriz) (Mendjan
et al., 2006; Prestel et al., 2010) (Figure 1C). Incidentally, previ-
ously published analysis of the NSL protein complex yielded
other peripheral Nups such as Nup153 and Megator as interact-
ing partners of MOF (Mendjan et al., 2006). We did not detect
ISWI in the Nup98 immunoprecipitated fraction (Figure 1C), sup-
porting the specificity of the co-IP. On the other hand, both Trx
and Wds coimmunoprecipitated Nup98 from S2 cell extracts
(Figures 1D and S1D). As suggested by the identified role of
Nups in transcriptional initiation, Nup98 is found highly enriched(C) Coimmunoprecipitation (co-IP) analysis with Nup98 and control immunoglob
blotted against labeled factors.
(D) Co-IP analysis with Trx, Nup98, and control IgG on S2 cell extracts, western
(E and F) Co-IP analysis with Nup98,MBD-R2, and control IgG on S2 cell extracts,
as indicated, and western blotted against Trx (E) and Nup98 and MBD-R2 (F).
Cat promoter regions and correlates well with the transcription
start site (TSS) binding of Trx and Wds (Figure S1C).
To further validate interactions that we have identified, we per-
formed the co-IP analysis in the presence of DNase I and RNase
A. As depicted in Figures 1E and 1F, the same associations could
be detected in both Nup98 and MBD-R2 immunoprecipitated
fractions from nuclear extracts treated with DNase and DNase +
RNase. The DNase and RNase treatments were validated by
assessing the integrity of nucleic acids, isolated from the same
extracts (Figure S1F). These results argue that the association
of Nup98 with MBD-R2 and Trx is not a consequence of pulling
down genomic fragments with closely bound complexes.
The genomic overlap and physical association between
Nup98 and Trx is particularly intriguing in light of the shared
leukemic phenotypes of human Nup98 and MLL, both of which
can be part of oncogenic protein fusions leading to AML (Tenney
and Shilatifard, 2005). Our findings in the fly system suggest that
Nup98 and Trx/MLL may in fact be components of the same
chromatin-bound complex. In support of our hypothesis, a
recent sequence analysis of protein domain architecture of
Nups across a large range of eukaryotes reported a repeated
evolutionary occurrence of Nup98 homologs containing a SET
domain, a conserved histone methyltransferase domain that is
present in Trx/MLL (Katsani et al., 2014).
Nup98 Can Be Recruited to Chromatin via MBD-R2
It has not been determined how (i.e., through which molecular
factors) components of the nuclear pore interact with chromatin
in animal cells. Thus, we next sought to determine whether any of
the identified interacting partners of Nup98 can mediate the
recruitment of Nup98 to its target genomic sites.
To validate genomic overlap observed in S2 cells, we
compared genome-wide binding of Nup98 on polytene chromo-
somes of salivary glands from third-instar larvae to those of its
newly identified interacting partners, by immunofluorescence.
We observed that the staining patterns of MBD-R2 and Z4 (Fig-
ure S2A) closely overlap on polytene chromosomes, supporting
the previously suggested association of Z4 with the NSL com-
plex. Similarly, comparison of the reported ChIP-sequencing
profiles of Chriz and Z4 in Kc cells (Van Bortle et al., 2014) with
MBD-R2 showed that 71% of the reported MBD-R2 peaks
contained Chriz and 73% contained Z4 (Figure S2D). Coimmu-
nofluorescence analysis of Nup98 with Z4 as a marker of the
MBD-R2/NSL complex revealed their frequent colocalization
genome-wide (Figure S2C), supporting the identified interaction
between Nup98 and the MBD-R2/NSL complex. On the other
hand, little colocalization was observed between Trx and Z4 (Fig-
ure S2B), suggesting that the functions of these two chromatin
regulatory complexes are distinct in this tissue.
Next,weutilized the salivarygland-specificdriverSgs3-GAL4 to
induce upstream activating sequence (UAS)-driven RNAi against
MBD-R2, which resulted in a visible reduction of MBD-R2 onulin G (IgG) in S2 cell extracts enriched for nuclear soluble fraction, western
blotted for Nup98.
prepared as in (C), and either untreated or treatedwith DNase or DNase/RNase,
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Figure 2. Nup98 Requires MBD-R2 for Binding to Chromatin
(A) Immunofluorescence analysis of polytene chromosomes from third-instar larvae of wild-type (WT) versus Sgs3-driven MBD-R2 RNAi genotypes, stained
against Nup98 and Mod2.2 as control. DNA is labeled in blue by Hoechst.
(B) Expression or mRNA levels of Nup98 target genes Hph and CG10851, assessed by quantitative PCR in S2 cells, treated with control dsRNA against White or
against Nup98.
(legend continued on next page)
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chromatin (Figure S2E). Strikingly, the depletion of MBD-R2
resulted in partial loss of Nup98 from the chromosomes (Fig-
ure 2A), indicating that MBD-R2 is necessary for recruitment of
Nup98 to chromatin, at least at a certain fraction of Nup98 binding
sites. On the other hand, RNAi against Trx, Wds, or ISWI did not
affect chromatin binding of Nup98 (data not shown).
To further address the question of Nup98 recruitment,
we tested the binding of Nup98 at specific target promoters in
S2 cells by ChIP analysis. Target genes such as Hph and
CG10851, where Nup98 co-occupies the promoter/TSS region
with MBD-R2, Trx, and Wds, depend on Nup98 for their expres-
sion (Figure 2B). As expected, ChIP analysis with anti-Nup98
antibodies at these promoters, as compared to a control region
not bound by Nup98, revealed an enrichment of Nup98 signal,
which was strongly reduced upon RNAi treatment against
Nup98 (Figure 2D). In agreement with results obtained with poly-
tene chromosomes (Figure 2A), RNAi against MBD-R2 in S2 cells
similarly resulted in40%–50% loss of Nup98 occupancy at the
tested promoters, while RNAi against Trx or Wds did not signif-
icantly affect the levels of Nup98 at the target genes (Figures 2D,
S2F, and S2G). The protein levels of Nup98 were not observed to
decrease upon depletion of any of the tested factors (Figure 2C).
On the other hand, RNAi-mediated depletion Nup98 did not have
a strong affect on recruitment of MBD-R2 at the same targets,
suggesting that Nup98 does not participate in binding of the
MBD-R2/NSL complex to chromatin (Figure S2H).
Together, these results reveal MBD-R2 as a factor that can
mediate recruitment of a nuclear pore component to chromatin.
Although theMBD-R2/NSL complex appears to be one such tar-
geting factor, it is likely that Nup98 utilizes other, yet-unidentified
genome-targeting partners to be recruited to sites that lack the
NSL complex.
Nup98 Is Required for Hox Gene Expression in
Developing Drosophila Tissues
We were next interested in the functional significance of the
interactions we identified for Nup98. As mentioned above, the
MBD-R2/NSL complex is thought to carry out H4K16 acetylation
on autosomes. The best-characterized functions of Trx aremain-
taining tissue-specific Hox gene expression (Breen and Harte,
1993; Petruk et al., 2001) and the activity of its complex as an
H3K4 methyltransferase (Mohan et al., 2011).
The gene coding for Nup98 also codes for another NPC
component, Nup96, which is a stable Nup required for NPC as-
sembly. Nup98 and Nup96 are transcribed and translated
together, after which the Nup98-Nup96 peptide is autoproteo-
lytically cleaved into individual Nup98 and Nup96 components
(Figure S3A). To assess the developmental function of Nup98
exclusively, we generated transgenic flies that express UAS-
controlled Nup96, which localized properly to nuclear pores (Fig-
ure S4A). We utilized the UAS-driven RNAi line, which depletes
the transcript that carries both Nup98 and Nup96 (Figure S3A),
and combined it with the UAS-Nup96 construct (UAS-Nup98/(C) Western blot analysis with indicated antibodies of S2 cell extracts, treated w
(D) Chromatin immunoprecipitation, assayed by quantitative PCR, using Nup98 or
regions of CG10851 and Hph genes, labeled red (Nup98 ChIP) or gray (IgGChIP), o
Error bars are derived from triplicate experiments.
C96 RNAi; UAS-Nup96), leading to the knockdown of the endog-
enous Nup98-Nup96 transcript but with compensatory expres-
sion of Nup96 (Figure S3B).
During the third-instar stage of fly development, one of the
best-known gene targets of Trx-mediated active gene memory,
Ultrabithorax (Ubx), is highly expressed in the haltere imaginal
disc, particularly in the haltere blade region (Figure 3A, top panel).
Using protein extracts from third-instar larvae, we observed a
robust co-IP of Nup98 with Trx in these tissues (Figure S3C).
To determine whether Nup98 plays a role in Ubx expression,
we drove UAS-Nup98/96 RNAi; UAS-Nup96 with a tissue-
specific GAL4 under the control of the Nubbin promoter (Nub-
Gal4), the expression pattern of which is shown in Figure S3D.
We observed a significant decrease in Ubx expression in the hal-
tere discs of Nup98-depleted animals (Figure 3A). Quantification
of fluorescence intensity of anti-Ubx staining in the blade area,
where Nub-GAL4 is expressed, relative to the total fluorescence
intensity of the haltere disc, showed a reproducible decrease in
the levels of Ubx in Nup98-depleted animals versus wild-type,
while levels of the control staining with anti-Lamin DmO were
not affected (Figure 3B). Furthermore, this decrease was not
observed in Nub-GAL4-driven RNAi of Nup107 (Figures 3B and
S3B), suggesting that these affects are not the result of general
nuclear pore disruption. We could confirm these effects by west-
ern blot analysis of imaginal disc tissues using the engrailed-
GAL4 (en-Gal4) (which is expressed in every imaginal disc),
which demonstrated that the levels of Hox genesUbx and Anten-
napedia (Antp) are decreased byNup98RNAi, but not byNup107
RNAi (Figure 3C).
If the effect of Nup98 on Ubx expression is carried out by a
mechanism linked to Trx, then the disruption of Ubx should occur
at the level of transcription as opposed to a potential mRNA
export defect due to Nup98 depletion. To address this question,
we analyzed the levels of Ubx mRNA and nascent (unspliced)
transcript in the haltere discs of control, Nup98 RNAi, and Trx
RNAi animals (Figure 3D). As expected, we observed a significant
reduction of UbxmRNA in the haltere discs upon RNAi-mediated
depletion of Trx (Figure 3D, left). A similar level of downregulation
of Ubx mRNA was observed in the haltere discs of Nub-GAL4
driven UAS-Nup98/96 RNAi; UAS-Nup96 animals (Figure 3D,
left). Furthermore, reduction of the nascent transcript of Ubx
was clearly detected in Nup98-depleted haltere discs, using
four different primer combinations specific to the nascent un-
spliced Ubx RNA (Figure 3D, right). The genomic controls for
these reactions, without addition of the reverse transcriptase
(RT), produced no signal (data not shown). The downregulation
of Ubx at the level of nascent transcript supports our hypothesis
that this role of Nup98 is executed through its transcriptional
function, not its mRNA export role.
Using the Nub-GAL4 driver approach, we detected no
changes in the levels of H3K4 trimethylation upon Nup98 knock-
down in larval wing imaginal discs, while RNAi against Wds re-
sulted in a strong depletion of the H3K4 trimethyl mark in theith indicated dsRNAs.
control IgG antibodies, in S2 cells, treated with indicated dsRNAs, at promoter
r at control regions (Table S1), labeled in black, plotted as%of Input Recovery.
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Figure 3. Nup98 Is Necessary for Maintaining Hox Gene Expression
(A) Immunofluorescence staining of haltere and third-leg imaginal discs of third-instar larvae of wild-type (w1118), Nub-GAL4-driven Nup98 RNAi, with Nup96
compensated (Nub-GAL4; Nup98RNAi, Nup96) or Nup107 RNAi genotypes, stained for Ubx (red), Lamin DmO (green), and DAPI (blue). The dashed circled area
represents the blade area of Nub-GAL4 expression, where Ubx expression is normally highest, and the solid circled area represents the entire haltere disc.
(B) Quantification of fluorescent pixel intensity in the blade region over the total remaining fluorescent intensity in the haltere disc, for Ubx and Lamin stainings, in
the indicated genotypes. Each dot on the top plot represents an individual measurement from a single haltere. The bottom plot shows average blade/total
measurement for Ubx or Lamin.
(legend continued on next page)
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blade region (Figure S3E). Furthermore, we found no pro-
nounced or reproducible changes in H4K16 acetylation (Fig-
ure S3F). Together, these results identify a function for Nup98
in maintaining normal levels of Hox gene expression and further
support the suggested role of Nup98 in Trx-mediated epigenetic
memory of active gene expression.
Nup98 Modifies Mutant Phenotypes of Trx and MBD-R2
To determine the potential in vivo cooperation between Nup98
and chromatin complexes with which it interacts, we sought to
test for possible genetic interactions between Nup98 and Trx
and MBD-R2. Since Trx is required for maintaining Ubx expres-
sion in the developing haltere, depletion of Trx results in partial
homeotic transformation of haltere to wing (Breen and Harte,
1991), often manifested as ectopic bristles on the haltere (which
normally lacks bristles altogether). Driving RNAi against Trx with
Nub-GAL4 expectedly resulted in a mild transformation of hal-
tere to wing, manifested as one to two bristles per haltere on
average in 73% of the progeny (Figure 4A). RNAi-mediated
depletion of Nup98 with Nub-GAL4 results in almost complete
lethality in the pupal stages, making it difficult to assess adult
phenotypes. Thus, we generated a Nup98-overexpressing
transgene, UAS-Nup98-myc (Figure S4A), to test for possible
genetic interactions with Trx and MBD-R2.
Surprisingly, Nub-GAL4-driven overexpression (OE) of Nup98
alone resulted in a mild haltere transformation in approximately
25% of the progeny, while OE of Nup96 did not show any haltere
transformation (Figure 4A). Combining Nup98 OE with Trx RNAi
strongly enhanced the haltere transformation phenotype of Trx,
resulting in 91% of the progeny exhibiting the homeotic transfor-
mation (Figure 4A) and an average of three to four ectopic bristles
per haltere (Figure 4A, right chart). Nup96 OE also had a mild ef-
fect on the Trx RNAi haltere phenotype, resulting in 79% of the
progeny with transformed halteres and producing two to three
ectopic bristles per haltere on average, but this effect was less
severe that that of the Nup98 OE (Figure 4A). Interestingly, these
results reveal that OE of Nup98 appears to act in the same direc-
tion as the Nup98 depletion, at least in the context of Trx-related
phenotypes. In support of this idea, we observed a significant
decrease in the levels of Ubx in imaginal discs from animals
with patched (ptc)-GAL4 driven Nup98 OE (Figure S4B). One
possibility that would explain how depletion and overexpression
of Nup98 result in a similar phenotype is the potential ability of
Nup98 to oligomerize. The FG repeat domains of Nups, present
in Nup98, are known to self-interact and/or polymerize, which is
thought to underlie their ability to set up a permeability barrier
through the NPC (Milles et al., 2013; Xu and Powers, 2013).
Too much Nup98 may interfere with Trx-directed effects on acti-
vation, perhaps via uncoupling interactions between Trx and
other downstream effectors.
We next analyzed the effects of Nup98 OE in the eye, where
ey-GAL4 driven RNAi against either Trx or MBD-R2 results in(C) Western blot analysis of Ubx and Antp protein levels in imaginal discs from w
anti-Tubulin as loading control. Quantification of Ubx and Antp levels, normalize
(D) Diagrams of the Ubx exon-intron structure and relative positions of primers us
transcript levels in the haltere discs of indicated genotypes, normalized to Rp49 (s
experiments performed on haltere discs of indicates genotypes.
Cmalformation and reduced size of the eye (Figure 4B). As
observed in the haltere, OE of Nup98 results in the enhancement
of the mutant phenotype of Trx RNAi, such that the average esti-
mated eye area is drastically reduced from75%of the total eye
area in Trx RNAi alone to 17% in the Trx RNAi combined with
Nup98 OE (Figures 4B and 4C). OE of Nup96, combined with
Trx RNAi, did not alter the eye phenotype of Trx RNAi signifi-
cantly, resulting in 72% average eye area (Figures 4B and
4C). On the other hand, OE of Nup98 had an opposing effect
on MBD-R2 RNAi, resulting in an increase in the average eye
area relative to MBD-R2 RNAi alone, while OE of Nup96 did
not (Figure 4B and 4C). These enhancing and suppressing trends
were also observed in the overall viability of the genotypes, such
that OE of Nup98 was found to decrease the viability of Trx RNAi
animals but to increase the viability of MBD-R2 RNAi flies (Fig-
ure 4B, bottom panel). One possibility that these results are
consistent with is that Nup98 functions effectively downstream
of MBD-R2 but upstream of or in parallel with Trx in the context
of transcriptional activation (Figure 4D).
Our findings present interacting partners of Nup98, which are
components of chromatin regulatory complexes and mediators
of epigenetic memory. Interestingly, the role of Nup98 in IFN-
g-induced transcriptional memory has been shown to rely on
H3K4 dimethylation (Light et al., 2013), which is put on by the his-
tone methyltransferase activities of the MLL-related complexes,
supporting the idea that the connection between Nup98 and
MLL is evolutionary conserved. These findings provide insights
into the causative role of Nups in leukemia progression, suggest-
ing that Nup98 and MLL form a complex that plays a central role
in regulation of Hox genes and that leukemic fusions of either
Nup98 or MLL disrupt the normal activities of this complex.
Overall, our results introduce new mechanistic directions for
elucidating the role of nuclear pore components in tissue-spe-
cific development and in pathologies that have been linked to
Nups.
EXPERIMENTAL PROCEDURES
Analysis of the Genomic Distribution
Details of the bioinformatics analysis (Figures 1A, 1B, S1C, and S1E) are
detailed in Supplemental Experimental Procedures.
Fly Strains and Transgenics
All strains are described in Supplemental Experimental Procedures. For hal-
tere and eye phenotypes, 15–50 individual progeny from each cross were
scored. For estimated eye area, each eye was assigned into an approximate
percentage category, as shown in Figure 4B.
Immunoprecipitation and Western Blotting
The sources and dilutions for all antibodies are listed in Supplemental Exper-
imental Procedures. Immunoprecipitations (IPs) were performed from 23 107
S2 cells lysed hypotonically to enrich for nuclear soluble fraction; further de-
tails of which can be found in Supplemental Experimental Procedures. Protein
extracts from third-instar larvae were prepared by lysing the anterior tissues,1118, Nup107 RNAi and Nup98 RNAi; Nup96 larvae, driven by en-GAL4, with
d to Tubulin, are represented as plots.
ed in the quantitative RT-PCR analysis (plots below) of Ubx mRNA and nascent
ee Table S1 for primers). Error bars are derived from triplicate quantitative PCR
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Figure 4. Overexpression of Nup98 Modifies Phenotypes of Trx and MBD-R2
(A) The left chart represents percentage of progeny of a given genotype that exhibit transformed halteres, defined as at least one bristle per haltere, for Nub-GAL4
driven RNAi against Trx, with or without Nup98 or Nup96 overexpression (OE), and for Nup98OE or Nup96 OE alone. The right chart and panel show quantification
and examples of homeotic transformation of halteres towings, represented as the number of bristles scoredper individual haltere, for adults of indicated genotypes.
(B) The top chart represents average eye size phenotypes of adults with ey-GAL4-driven RNAi against Trx or MBD-R2, with or without Nup98 OE or Nup96 OE,
and of Nup98 OE or Nup96 OE alone. The fly eye images below represent the % scale of eye size, used for scoring estimated eye area. The bottom chart
represents obtained viability from the same crosses.
(C) Examples of eye phenotypes for each indicated genotype.
(D) Possible model of the role of Nup98 in regulation of Hox genes and other targets, showing the ability of MBD-R2/NSL complex to recruit Nup98 (blue arrow)
and the ability of Nup98 to influence the functions of Trx or functions downstream of Trx, which lead to transcriptional activation (red arrows).
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containing salivary glands, brains, and imaginal discs, in RIPA buffer (10 mM
Tris [pH 7.4], 150 mM NaCl, 1% NP40, and 0.1% SDS) for 20 min. Proteins
were resolved by SDS-PAGE and subjected to western blot analysis with pri-
mary antibodies in blocking buffer (PBS + 5% milk), and horseradish peroxi-
dase or fluorescent secondary antibodies.
Immunofluorescence
Immunostaining of polytene chromosomes and larval imaginal discs was
carried out as described previously (Capelson et al., 2010). For imaginal disc
imaging, z stack projections of 20–25 confocal sections of each disc were
quantified by ImageJ. Pixel intensity of Ubx and Lamin stainings was assessed
in the blade region of the haltere disc (delimited according to the morphology
of the disc) and normalized to the intensity measured from the whole disc.
Expression Analysis, Cell Culture, and RNA Interference
Drosophila S2 cells were grown at 25C in Schneider’s medium (Life Technol-
ogies) supplemented with 10% fetal bovine serum (Gibco). Double-stranded
RNAs (dsRNAs) were synthesized with a Megascript T7 kit (Ambion) using fly
genomic DNA or cDNAs as templates. Primers used are listed in Table S1.
Knockdown cells were subjected to two rounds of RNAi using 20 mg of dsRNA
per 1 3 106 cells and incubation for 3 days in each round. Total RNA was iso-
lated from cells or wandering third-instar larvae using TRIzol (Ambion) and
reverse transcribed with one-step RT-PCR kit (QIAGEN). Each quantitative
RT-PCR was repeated three times from groups of five to ten larvae each
and the values were normalized to the rp49 or Act5C primers.
Chromatin Immunoprecipitation
ChIP experiments were carried out as described here with some minor modi-
fications (http://www.epigenesys.eu/en/protocols/chromatin-immunoprecipi
tation-chip Prot 48), as detailed in Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2014.09.002.
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